■ INTRODUCTION
The benzoyl (C 6 H 5 CO) radical, which is produced in the combustion of aromatic hydrocarbons from the reaction of C 6 H 5 with CO 1 or in the atmosphere as a result of the reaction of C 6 H 5 CHO with OH, Cl, or NO 3 , 2,3 readily reacts with oxygen in these systems to form benzoylperoxy radical, C 6 H 5 C(O)OO. 4 C 6 H 5 C(O)OO is a precursor of the air pollutant peroxybenzoyl nitrate, C 6 H 5 C(O)O 2 NO 2 , a lachrymator 5 that has been detected in the photochemical smog. 6 C 6 H 5 CO has also been identified as an important intermediate in the formation of polycyclic aromatic hydrocarbons (PAH), which lead to soot formation. 7 In industry, C 6 H 5 CO is an important intermediate produced on photoirradiation of aryl ketones to initiate polymerization. 8, 9 C 6 H 5 CO in a solution of 3-methyl-3-pentanol has an ultraviolet (UV) absorption band with maximal cross-section of 2.5 × 10 −22 cm 2 molecule −1 at 368 nm and a weaker broad band near 480 nm. 10 Bennett and Mile produced C 6 H 5 CO from a reaction of C 6 H 5 C(O)Cl + Na, trapped it in various matrixes for electron paramagnetic resonance spectroscopy, and reported that C 6 H 5 CO is a σ-type radical with the unpaired electron localized in the sp hybrid orbital of the CO moiety; the C−CO bond angle was estimated to be 130°. 11 Reported kinetic experiments of C 6 H 5 CO employed only mass spectrometry to monitor this radical. 4 The infrared (IR) spectrum of C 6 H 5 CO in solutions was investigated with time-resolved IR spectroscopy, but only the CO stretching band of C 6 H 5 CO near 1828 cm −1 (in hexane), 12 1818 cm −1 (in acetonitrile), 13 or 1824 cm −1 (in CCl 4 ) 14 was observed. Mardyukov and Sander produced C 6 H 5 CO on reacting phenyl radicals with CO before deposition into an Ar matrix and characterized it with IR spectroscopy; their reported vibrational wavenumbers agree satisfactorily with those predicted with the UB3LYP/cc-pVTZ method. 15 The IR spectrum of C 6 H 5 CO in the gaseous phase is unreported.
We have recorded IR spectra of several gaseous reaction intermediates using a step-scan Fourier-transform spectrometer coupled with a multipass absorption cell. 16−18 With this method, we identified IR absorption band origins at 1830, 1226, 1187, and 1108 cm −1 of syn-C 6 H 5 C(O)OO in the reaction of C 6 H 5 CO with O 2 . 19 Here, we report an extension of that work to characterize the IR absorption spectra of gaseous C 6 H 5 CO radicals with a step-scan IR spectrometer.
record the IR spectra of transient species. The White cell with a base path length of 20 cm and effective path length of 6.4 m was placed in the sample compartment of the FTIR and served as a flow reactor. The flow reactor has a volume of ∼1600 cm 3 and accommodates two rectangular quartz windows (3 × 12 cm 2 ) on opposite sides of the cell to allow the photolysis beam to propagate approximately perpendicularly to the multiply passed IR beam. The laser beam, of wavelength 248 nm generated from a KrF excimer laser (Lambda Physik, LPX240i, 5 Hz, 86−92 mJ pulse
, beam size 2 × 1 cm 2 ), passed these quartz windows and was reflected once with an external laser mirror to photodissociate a flowing mixture of C 6 H 5 C(O)CH 3 in N 2 or C 6 H 5 Br and CO in N 2 .
The IR probing light was detected with a HgCdTe detector (preamplifier bandwidth 20 MHz) from which dc-and accoupled signals were recorded at each scan step upon irradiation with the photolysis laser. The dc-coupled signal was sent directly to the internal 16-bit digitizer (2 × 10 5 samples s −1 ) of the spectrometer, whereas the ac-coupled signal was amplified 20 times before being transferred to a fast external 14-bit digitizer (10 8 samples s
−1
). These signals were typically averaged over 10 laser shots at each scan step. For the ac signal, 300 data points at 1 μs integrated intervals were acquired to cover a period of 300 μs after photolysis. With appropriate optical filters to define a narrow spectral region, we performed under-sampling to decrease the size of the interferogram, hence the duration of data acquisition. For spectra in the range 800−2500 cm −1 at resolution of 4 cm −1 , 1528 scan steps were completed within 3 h. For spectra in the range 1600−2035 cm −1 at resolution of 2 cm −1 , 424 scan steps were completed within 40 min. After completion of all scan steps, the data were sorted to produce interferograms corresponding to each time interval. The derivation of conventional time-resolved difference absorption spectra from these data has been established previously. 20, 21 For experiments with C 6 H 5 C(O)CH 3 /N 2 , a small stream of N 2 from a main stream at flow rate of F N2 ≅ 23 STP cm 3 s −1
(STP donates standard temperature 273.15 K and pressure 1 atm) was bubbled through C 6 H 5 C(O)CH 3 . The total pressure was maintained in the range P T = 100−110 Torr with a partial pressure P C6H5C(O)CH3 ≅ 0. . The total pressure was maintained in the range P T = 130−140 Torr with a partial pressure P C6H5Br ≅ 1.5 Torr of benzaldehyde determined from its IR absorption spectra. The efficiency of photolysis of C 6 H 5 Br is estimated to be ∼3% based on an absorption cross-section ∼4. To obtain a desirable pressure of C 6 H 5 C(O)CH 3 and C 6 H 5 Br, the samples and the flow reactor were heated to 363 K with heated water circulated from a thermostatted bath through the jacket of the reactor. C 6 H 5 C(O)CH 3 (99%, Aldrich), C 6 H 5 Br (99%, Alfa Aesar), and N 2 (99.99%, Chiah Lung) were used without further purification. CO (99.999%, AGA Specialty Gases) was passed through a trap ∼ −55°C before use.
The equilibrium geometry, vibrational wavenumbers and IR intensities of all species were calculated with B3LYP densityfunctional theory using the Gaussian09 program. 24 The B3LYP method uses Becke's three-parameter hybrid exchange functional with a correlation functional of Lee et al. 25, 26 Dunning's correlation-consistent polarized-valence double-ζ basis set augmented with s, p, d, and f functions (aug-cc-pVDZ) 27, 28 was applied in these calculations. For a chosen species, the rotational parameters of its ground and vibrationally excited (ν i = 1) states were also calculated with B3LYP/aug-cc-pVDZ for spectral simulation. The anharmonic effects were calculated with a second-order perturbation approach using effective finite-difference evaluation of the third and semidiagonal fourth derivatives.
■ RESULTS
In this work, we used two sources of benzoyl radicals: irradiation of acetophenone, C 6 H 5 C(O)CH 3 , at 248 nm 29 and irradiation of a mixture of bromobenzene, C 6 H 5 Br, and CO at 248 nm. Photolysis of C 6 H 5 Br at 248 nm produces C 6 H 5 radicals 30 that react subsequently with CO to form C 6 H 5 CO
with a rate coefficient of 31 Under our experimental conditions of P T = 134 Torr and P CO = 70.0 Torr, >90% C 6 H 5 CO is expected to be produced within 60 μs.
Transient Absorption Spectra Recorded upon Photolysis of C 6 H 5 C(O)CH 3 in N 2 . Our previous work indicated that, upon irradiation of the precursor at low pressure, a fraction of the precursor became highly internally excited so that positive features appeared on each side of the downward parent band in the difference absorption spectrum. 20 These side lobes commonly interfere with nearby absorption bands of photodissociation products and hamper their detection. To avoid this interference, we employed excessive N 2 in the reactor as a quencher to thermalize photoirradiated C 6 H 5 C(O)CH 3 and other products in the system. Transient Absorption Spectra Recorded upon Photolysis of C 6 H 5 Br/CO/N 2 Mixtures. To obtain additional evidence, we performed experiments using an alternative source of benzoyl radical. A gaseous mixture of C 6 H 5 Br/CO/N 2 (1/ 47/42, 134 Torr, 363 K) was subjected to laser irradiation at 248 nm; photolysis of C 6 H 5 Br at 248 nm produces C 6 H 5 radicals that subsequently react with CO to form C 6 H 5 CO. Part of the absorption spectrum of this flowing mixture before irradiation is shown in Figure 2a Figure 2b . These features increased in intensity at a later period, whereas features A 1 and A 2 decreased in intensity and nearly disappeared after 100 μs.
To obtain a more accurate rotational contour, we recorded also the transient spectra of the irradiated flowing mixture of C 6 H 5 Br/CO/N 2 (1/47/46, 140 Torr, 363 K) at resolution 2 cm −1
. For an acceptable ratio of signal-to-noise for the A 1 band near 1835 cm −1 at this resolution, we averaged data from 10 laser shots at each scan step and integrated spectra in the temporal range 5−40 μs; the resultant spectrum is shown in Figure 3a . In contrast to the rotational contour shown in Figures 1b and 2b , the PQR structure of this band is clearly recorded at this resolution. The increased noise due to higher resolution prevented us, however, from analyzing rotational contours of the A 2 −A 4 bands at resolution 2 cm . Quantum-Chemical Calculations on C 6 H 5 CO. Geometries predicted with the B3LYP/aug-cc-pVDZ method for C 6 H 5 CO are shown in Figure S1 of the Supporting Information. Benzoyl radical is predicted to be planar with a C−CO structure bent at angle 129.2°, consistent with the experimental result of 130°.
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The harmonic and anharmonic vibrational wavenumbers and IR intensities of C 6 H 5 CO predicted with the B3LYP/aug-ccpVDZ method are listed in Table 1 . The harmonic vibrational wavenumbers are nearly identical to those predicted with the UB3LYP/cc-pVTZ method reported previously. 15 One intense IR band of intensity ∼294 km mol −1 was predicted to be associated with the CO stretching (ν 6 ) mode and has harmonic (anharmonic) vibrational wavenumbers 1879 (1838) cm . The third intense band, ν 24 at 772 (723) cm −1 for the C− H out-of-plane deformation mode, is beyond the spectral region of our detection.
The predicted molecular axes, vibrational displacement vectors (thin arrows), and their corresponding dipole derivatives (thick dashed arrows) for the ν 6 and ν 15 modes of C 6 H 5 CO are available in Figure S2 of the Supporting Information. The projection vector of the dipole derivative onto the molecular axes represents the weighting of the transition types. The CO stretching (ν 6 ) band of C 6 H 5 CO is a hybrid type with a ratio of a-type/b-type = 84:16, whereas the C−C stretching/C−H deformation (ν 15 ) band has a ratio of atype/b-type = 90:10. Rotational parameters A, B, and C calculated with the B3LYP/aug-cc-pVDZ method for the ground and the excited (ν i = 1) states of these two vibrational modes of C 6 H 5 CO are listed in Table 2 .
Absorption by the secondary product C 6 H 5 C(O)Br might contribute to the observed spectrum. Harmonic vibrational wavenumbers and IR intensities predicted for this species using B3LYP/aug-cc-pVTZ are available in Table S1 of the Supporting Information.
■ DISCUSSION
Assignment of the A 1 −A 4 Bands to C 6 H 5 CO. In the C 6 H 5 C(O)CH 3 /N 2 system, C 6 H 5 C(O)CH 3 decomposes to mainly C 6 H 5 CO and CH 3 radicals upon irradiation at 248 nm. 29 Some C 6 H 5 CO might decompose further to C 6 H 5 + CO.
In the C 6 H 5 Br/CO/N 2 system, C 6 H 5 Br decomposes to C 6 H 5 + Br upon irradiation at 248 nm. The reaction of C 6 H 5 with an excess of CO is not so rapid; under our experimental conditions, more than 90% of C 6 H 5 is expected to react via reaction 1 to form C 6 H 5 CO within 60 μs. In addition to C 6 H 5 CO, possible products in this system include BrCO, C 6 H 5 C(O)Br, and C 6 H 5 C(O)C 6 H 5 . The common intermediates in these two systems are C 6 H 5 and C 6 H 5 CO. C 6 H 5 has no absorption near the 1800 cm −1 region that is typically associated with the CO stretching mode, as we observed for feature A 1 . Hence, the common transient features A 1 −A 4 observed in both systems are most likely due to C 6 H 5 CO.
Consideration of Vibrational Wavenumbers. The IR spectrum of C 6 H 5 CO trapped in Ar matrix has been reported by Mardyukov and Sander 15 to have four most intense bands in The B3LYP/aug-cc-pVDZ calculations predict four intense IR bands with harmonic (anharmonic) vibrational wavenumbers 1879 (1838), 1162 (1132), 1631 (1596), and 1481 (1459) cm −1 that are associated with the ν 6 (CO stretching), ν 15 (C−C stretching mixed with C−H deformation), ν 7 (inphase C 1 C 2 C 3 /C 4 C 5 C 6 antisymmetric stretching), and ν 10 (outof-phase C 1 C 2 C 3 /C 5 C 6 C 1 symmetric stretching) modes of C 6 H 5 CO in the spectral region of our detection ( Table 1 ). The deviations of predicted anharmonic vibrational wavenumbers from experimentally observed values are less than 1.4%. According to B3LYP/aug-cc-pVDZ, the relative IR intensities of these four bands are A 1 /A 2 /A 3 /A 4 = 100:21:5:4, in satisfactory agreement with the experimentally observed ratio of 100:18:8:5 for features A 1 −A 4 . Hence, the most likely carrier for features A 1 −A 4 is C 6 H 5 CO.
Rotational Contours. The rotational contour might provide further support for the identification. For comparison with observed spectra, we investigated the band contour for the C O stretching (ν 6 ) and C−C stretching/C−H deformation (ν 15 ) modes of C 6 H 5 CO using molecular parameters predicted with the B3LYP/aug-cc-pVDZ method. With the SPECVIEW program, 34 we simulated the spectrum of each band using predicted rotational parameters A′, A″, B′, B″, C′, C″, J max = 140, ΔK max = 11, T = 363 K, and a width (full width at halfmaximum) of 2 cm Similarly, the simulated spectra for the C−C stretching/C− H deformation (ν 15 19 as the C−OO bonding is expected to decrease the CO bonding in In photolysis experiments of C 6 H 5 Br/CO/N 2 , weak features C 1 and C 2 near 1687 and 1277 cm −1 appeared at later stages of the experiments but were unobserved after photolysis of C 6 H 5 C-(O)CH 3 . The small intensities of these features preclude definitive assignment, but these features are likely due to absorption of C 6 H 5 C(O)C 6 H 5 of which a spectrum in the gaseous phase is shown in Figure 4d for comparison. 32 The wavenumbers of band maxima near 1682 and 1274 cm −1 agree satisfactorily with our observation.
The production of C 6 H 5 C(O)C 6 H 5 might be rationalized from the reaction of C 6 H 5 CO with C 6 H 5 ; both species were present in the system. The small intensity indicates that most C 6 H 5 reacted with CO rapidly to form C 6 H 5 CO, which further reacted rapidly with Br to form C 6 H 5 C(O)Br, and only a small fraction of C 6 H 5 and C 6 H 5 CO has a chance to react with each other. One would expect that these features might also appear in photolysis experiments of C 6 H 5 C(O)CH 3 , if some energetic C 6 H 5 CO further decomposed to C 6 H 5 and CO or some C 6 H 5 was produced directly from photolysis. These two features C 1 and C 2 near 1687 and 1277 cm −1 are, however, overlapped with intense bands of C 6 H 5 C(O)CH 3 near 1708 and 1263 cm −1 shown in Figure 1a ; the intense negative features of C 6 H 5 C(O)CH 3 upon photolysis prevent the observation of features C 1 and C 2.
A weak feature D 1 near 1902 cm −1 was observed along with features A 1 and A 2 in experiments with C 6 H 5 Br/CO/N 2 at the early stages after irradiation. Although we are unable to provide a definitive assignment for this feature because of its small intensity, we think that the most likely carrier of this band is BrCO because upon photolysis both C 6 H 5 and Br were produced. Similar to the observation of C 6 H 5 CO due to reaction of C 6 H 5 + CO, the product BrCO is expected to be produced from Br + CO. No IR spectrum of BrCO has been reported. A similar compound, ClCO, was reported to have an absorption band at 1884.6 cm −1 . 35 Because the bonding between Br and CO is weaker than that between Cl and CO, one would expect that the CO stretching wavenumber of BrCO to be slightly greater than that of ClCO, consistent with our experimental observation. Quantum-chemical calculations using B3LYP/aug-cc-pVTZ predicted harmonic vibrational wavenumbers to be ν 1 = 1944 cm −1 tentatively assigned to BrCO. Reaction Kinetics. The experimental setup is intended for spectral study rather than kinetic study because the photolysis beam path is quite different from the IR absorption beam path and only a small fraction (∼4%) of gases in the reactor was photolyzed. We are unable to determine the absolute concentration of C 6 H 5 , C 6 H 5 CO, and C 6 H 5 C(O)Br because we do not know their IR absorption cross-sections. Nevertheless, we try to obtain some information on the reaction kinetics according to the observed temporal profiles so that we can understand if observed kinetics are reasonable.
As shown in Figure 2 , features A 1 and A 2 of C 6 H 5 CO appeared promptly, decreased in intensity, and became nearly unobservable 100 μs after photolysis of the C 6 (1) . The loss of C 6 H 5 CO is expected to be due mainly to reaction 3 because the concentration of C 6 H 5 in reaction 5 is expected to be small. Hence, we use a simplified mechanism comprising reactions 1−3 to describe the rise and fall of C 6 H 5 CO and the formation of C 6 H 5 C(O)Br.
The rate coefficient of reaction 1 was reported to be k in the photolyzed volume and used these concentrations in the simulation by assuming slow diffusion within 100 μs under our experimental conditions. Because the absolute concentrations of C 6 H 5 CO and C 6 H 5 C(O)Br are unattainable, we could only compare the general shape of the simulated temporal profiles with the observed temporal profiles; the observed temporal profiles of integrated intensities of C 6 H 5 CO and C 6 H 5 C(O)Br were scaled to provide the best fits. The best simulation, derived from k 1 = (4.6 ± 1.4) × 10 −14 cm 3 molecule −1 s −1 and k 3 = (1.6 ± 0.5) × 10 −10 cm 3 molecule
, is shown as solid curves in Figure 5 ; the error limits represent only fitting uncertainties. The scaling factors used for observed concentrations imply that the quantum-chemically predicted value of 294 km mol −1 is about 20% smaller than the IR intensity that we employed in the fitting of C 6 H 5 CO, whereas the predicted value of 334 km mol −1 for C 6 H 5 C(O)Br is about 55% greater than that employed in the fitting. These deviations are within expected errors for IR intensities predicted with quantumchemical calculations.
Because the concentration of CO is known, the fitted value of k 1 is more reliable than k 3 . The k 1 = (4.6 ± 1. were observed with a step-scan Fourier-transform spectrometer upon irradiation at 248 nm of a gaseous flowing mixture of C 6 H 5 C(O)CH 3 in N 2 , and a mixture of C 6 H 5 Br/CO/N 2 . On considering possible chemical reactions and comparing vibrational wavenumbers, relative IR intensities, and rotational contours observed experimentally and predicted with quantumchemical calculations, we attributed the intense absorption bands near 1838 ± 1 cm −1 to the CO stretching (ν 6 ) mode, the weak band near 1131 ± 3 cm −1 to the C−C stretching/C− H deformation (ν 15 ) mode, and the extremely weak bands near 1438 ± 5 and 1590 ± 10 cm −1 to the out-of-phase C 1 C 2 C 3 / C 5 C 6 C 1 symmetric stretching (ν 10 ) and in-phase C 1 C 2 C 3 / C 4 C 5 C 6 antisymmetric stretching (ν 7 ) modes of C 6 H 5 CO, respectively.
In experiments of C 6 H 5 Br/CO/N 2 , intense IR absorption bands near 1793, 1176, and 1195 cm −1 were observed at a later stage of reaction and are assigned to C 6 H 5 C(O)Br, produced from reaction of C 6 H 5 CO with Br. Weak bands near 1687 and 1277 cm −1 observed at a later stage of reaction might be assigned to C 6 H 5 C(O)C 6 H 5 , produced from reaction of Additional information on the geometries predicted with the B3LYP/aug-cc-pVDZ method for C 6 H 5 CO (Figure S1 ), the predicted molecular axes, vibrational displacement vectors, and their corresponding dipole derivatives for the ν 6 and ν 15 modes of C 6 H 5 CO ( Figure S2 ), and harmonic vibrational wavenumbers and IR intensities predicted for C 6 H 5 C(O)Br using the B3LYP/aug-cc-pVTZ method (Table S1 ). This material is available free of charge via the Internet at http://pubs.acs.org. 
